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(57) ABSTRACT 
The present invention relates to ENOblock, which is a non 
Substrate analog having an enolase inhibitory activity, and a 
pharmaceutical composition for preventing or treating cancer 
or enolase-associated diseases, containing the same. The 
ENOblock of the present invention directly binds to enolase 
so as to inhibit an activity thereof, and the inhibition is more 
effective in hypoxia than in normoxia. In addition, the ENO 
block of the present invention inhibits migration, metastasis 
and invasion of cancer cells. Furthermore, the ENOblock of 
the present invention induces glucose uptake into cells, down 
regulates the expression of PEPCK, and inhibits adipogenesis 
and foam cell formation. Therefore, a composition containing 
the ENOblock of the present invention can be very effectively 
applied to prevent or treat cancer or enolase-associated dis 
CaSCS. 

20 Claims, 35 Drawing Sheets 
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Fig. 1 a 
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Fig. 1b 
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Fig. 1c 
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Fig. 1d 
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Fig. 4b 
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Fig. 4d 
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Fig. 5 
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Fig. 7b 
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Fig. 7c 
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Fig. 7d 
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Fig. 7f 
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Fig. 9c 
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Fig. 10b 
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Fig. 10c 
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Fig. 14b 
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1. 

PHARMACEUTICAL COMPOSITION FOR 
PREVENTING OR TREATING CANCER, 
CONTAINING ENOBLOCKAS ACTIVE 

INGREDIENT 

TECHNICAL FIELD 

The present invention was made with the support of the 
Ministry of Education, Science, and Technology of Republic 
of Korea, under Project No. NRF-2012-003460, which was 10 
conducted under the research project entitled “General 
Researcher Support Project/Rising Researcher Support 
Project within the project named “Discovery and Character 
ization of Insulinomimetics as Candidate drugs to Treat Dia 
betes” by the Gwangju Institute of Science and Technology 15 
under the management of the National Research Foundation 
of Korea, from May 1, 2012 to Apr. 30, 2015. Further, the 
present invention was made with the support of the Ministry 
of Education, Science, and Technology of Republic of Korea, 
under Project No. NRF-2012-000462, which was conducted 20 
under the research project entitled “General Researcher Sup 
port Project/Woman Scientist Support Project” within the 
project named “Development of Novel Targets and Mecha 
nisms that Modulate Tumor Microenvironment for Anti-Can 
cer Therapy” by the Gwangju Institute of Science and Tech- 25 
nology under the management of the National Research 
Foundation of Korea, from May 1, 2012 to Apr. 30, 2015. 
Further, the present invention was made with the support of 
the Ministry of Health and Welfare of the Republic of Korea, 
under Project No. A120326, which was conducted under the 30 
research project entitled “Health Care Research and Devel 
opment Project” within the project named “Production of 
patient autologous iPSCs using low-molecular weight differ 
entiation regulator and application to myocardial infarction 
cell treatment' by the Gwangju Institute of Science and Tech- 35 
nology under the management of the Korea Health Industry 
Development Institute, from Aug. 1, 2012 to Jul. 31, 2014. 
The present patent application claims priority to and the 

benefit of Korean Patent Application No. 10-2012-01 17417 
filed in the Korean Intellectual Property Office on Oct. 22, 40 
2012, the disclosures of which are incorporated herein by 
reference. 
The present invention relates to ENOblock, which is a 

non-Substrate analogue having enolase inhibitory activity, 
and a pharmaceutical composition containing the same for 45 
preventing or treating cancer. 

BACKGROUND ART 

Enolase is a component of the glycolysis pathway and a 50 
“moonlighting protein, with important roles in diverse cel 
lular processes that are not related to its function in glycoly 
sis. However, small molecule tools to probe enolase function 
have been restricted to crystallography or enzymology. In this 
study, we report the discovery of the small molecule "ENO- 55 
block', which is the first, nonsubstrate analogue that directly 
binds to enolase and inhibits its activity. ENOblock was iso 
lated by Small molecule screening in a cancer cell assay to 
detect cytotoxic agents that function in hypoxic conditions, 
which has previously been shown to induce drug resistance. 60 
Further analysis revealed that ENOblock can inhibit cancer 
cell metastasis in vivo. Moreover, an unexpected role for 
enolase in glucose homeostasis was revealed by in Vivo analy 
sis. Thus, ENOblock is the first reported enolase inhibitor that 
is suitable for biological assays. This new chemical tool may 65 
also be suitable for further study as a cancer and diabetes drug 
candidate. 

2 
Glycolysis is an ancient and highly conserved metabolic 

pathway that converts 1 mol of glucose into 2 mol of pyruvate. 
Free energy is released and used to form the highenergy 
containing compounds adenosine triphosphate (ATP) and 
reduced nicotinamide adenine dinucleotide (NADH). Glyco 
lysis comprises 10 biochemical reactions, and each step is 
catalyzed and regulated by a different enzyme. Over the past 
20 years, there has been increasing appreciation of the mul 
tiple roles glycolytic enzymes play in diverse cellular pro 
cesses (reviewed in ref 1). 

Cancer cells show increased dependence on glycolysis to 
produce ATP; a phenomenon known as the Warburg effect.’ 
This metabolic alteration is a fundamental difference 
between cancer cells and normal cells, offering a therapeutic 
strategy to selectively kill cancer cells using glycolysis 
inhibitors (reviewed in ref 3). It has also been shown that 
glycolysis inhibitors induce cancer cell death more effec 
tively in a hypoxic environment, which occurs within devel 
oping tumors. Moreover, this hypoxic environment renders 
cancer cells less sensitive to other cancer drugs, such as 
cytarabine and doxorubicin. 

Throughout the entire specification, many papers and 
patent documents are referenced and their citations are rep 
resented. The disclosures of cited papers and patent docu 
ments are entirely incorporated by reference into the present 
specification, and the level of the technical field within which 
the present invention falls and details of the present invention 
are explained more clearly. 

DETAILED DESCRIPTION OF THE INVENTION 

Technical Problem 

The present inventors have endeavored to isolate/identify 
small molecules that can inhibit cancer cell survival in 
hypoxic conditions. As a result, the present inventors found 
that a triazine-based compound named ENOblock directly 
binds to enolase to inhibit its activity more effectively in 
hypoxic conditions rather than normoxia conditions; inhibits 
cancer cell migration, metastasis, and invasion; induces intra 
cellular glucose uptake, down-regulates PEPCK expression, 
and inhibits adipogenesis and foam cell formation. 

Accordingly, an aspect of the present invention is to pro 
vide a pharmaceutical composition for preventing or treating 
CaCC. 

Another aspect of the present invention is to provide a 
pharmaceutical composition for preventing or treating eno 
lase-associated disorders. 

Another aspect of the present invention is to provide a 
method for preventing or treating cancer. 

Other purposes and advantages of the present disclosure 
will become clarified by the following detailed description of 
the invention, claims, and drawings. 

Technical Solution 

In accordance with an aspect of the present invention, there 
is provided a pharmaceutical composition for preventing or 
treating cancer, the composition comprising: (a) a therapeu 
tically effective amount of a triazine-based compound repre 
sented by chemical formula I below; and (b) a pharmaceuti 
cally acceptable carrier: 
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Chemical formula I 

21 R2 
1. R n1s 

1s, 
2 -()-->() 

wherein in the chemical formula, R is H or C-Cs straight 
or branched chain alkyl; R is H. C-C straight or branched 
chain alkyl, C-Cs straight or branched chain alkyl alcohol, 
-(CH2), Ol (CH), NH. (m, n, and p are each an 
integer of 1 to 10), —(CH), O. —CH (mand nare each 
an integer of 1 to 10), -(CH2), O (CH2), CH (m, 
n, and p are each an integer of 1 to 10), -(CH2) - 
(CONH)—Cs straight or branched chain alkyl (q is an inte 
ger of 0 to 5), (CH,), (CONH) Cls straight or 
branched chain alkyl alcohol (q is an integer of 0 to 5), 

(CH2) (CONH)-(CH2), O-(CH2), NH. (m, 
n, and pare each an integer of 1 to 10, and q is an integer of 0 
to 5), -(CH2) (CONH)-(CH2), Ol CH (m and in 
are each an integer of 1 to 10, and q is an integer of 0 to 5), or 

(CH2) (CONH)-(CH2), O-(CH2), CH (m, 
n, and pare each an integer of 1 to 10, and q is an integer of 0 
to 5). 

According to another aspect of the present invention, the 
present invention provides a pharmaceutical composition for 
preventing or treating enolase-associated disorders, compris 
ing the composition of the above present invention as an 
active ingredient 
The present inventors have endeavored to isolate/identify 

small molecules that can inhibit cancer cell survival in 
hypoxic conditions. As a result, the present inventors found 
that a triazine-based compound named ENOblock directly 
binds to enolase to inhibit its activity more effectively in 
hypoxic conditions rather than normoxia conditions; inhibits 
cancer cell migration, metastasis, and invasion; induces intra 
cellular glucose uptake, down-regulates PEPCK expression, 
and inhibits adipogenesis and foam cell formation. 

AP-III-a4 (called “ENOblock”), which is an active ingre 
dient of the present invention, is a triazine-based compound, 
and is identified from a tagged triazine library of 384 triazine 
based compounds using a screening system established by the 
present inventors, as a small molecule compound that effec 
tively and specifically induces cancer cell death in hypoxic 
conditions. A synthesis method of the triazine compound 

Chemical formula II 

HN 

1. 
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4 
library used herein and a use thereofare disclosed in Interna 
tional Patent Publication NOS. WO 03/032903 and WO 
03/050237, the disclosures of which are incorporated herein 
by reference. 

In chemical formula I, the term "C-C straight or branched 
chain alkyl includes alkyls having straight chain or branched 
chain Such as methylamine, ethylamine, n-propylamine, iso 
propylamine, n-butylamine, sec-butylamine, tert-buty 
lamine, n-amyl, tert-amyl, and hexyl. Alkyl alcohols include 
methanol, ethanol, propanol, butanol, benzyl alcohol, penetyl 
alcohol and their derivates, but not limited thereto. 

According to a preferable embodiment of the present 
invention, in chemical formula I, R includes H or C-C, 
alkyl, and more preferably H. 

According to a preferable embodiment of the present 
invention, in chemical formula I, R is H. C-C straight or 
branched chain alkyl, C-C straight or branched chain alkyl 
alcohol, -(CH2), Ol-(CH2), NH. (m, n, and p are 
each an integer of 1 to 10), —(CH), O CH (mand in 
are each an integer of 1 to 10), -(CH2), Ol-(CH2) - 
CHs (m, n, and pare each an integer of 1 to 10), -(CH2) - 
(CONH)—Cs straight or branched chain alkyl (q is an inte 
ger of 0 to 5), -(CH2) (CONH) Cls straight or 
branched chain alkyl alcohol (q is an integer of 0 to 5), 

(CH2) (CONH)-(CH2), O-(CH2), NH. (m, 
n, and pare each an integer of 1 to 10, and q is an integer of 0 
to 5), -(CH2) (CONH)-(CH2), Ol CH (m and n 
are each an integer of 1 to 10, and q is an integer of 0 to 5), or 

(CH2) (CONH)-(CH2), Ol (CH), CH, (m, 
n, and pare each an integer of 1 to 10, and q is an integer of 0 
to 5). 
More preferably, R includes H or C-C alkyl, and more 

preferably H. C-Cs straight or branched chain alkyl, C-Cs 
straight or branched chain alkyl alcohol. —(CH), O 
(CH2), NH. (m, n, and p are each an integer of 1 to 5), 
—(CH), O CH (m and n are each an integer of 1 to 
5), -(CH2), O -(CH2). CHs (m, n, and pare each an 
integer of 1 to 5), -(CH2) (CONH)—Cls straight or 
branched chain alkyl (q is an integer of 0 to 2), —(CH2)- 
(CONH)—Cs straight or branched chain alkyl alcohol (q is 
an integer of 0 to 2), -(CH2) (CONH)-(CH2), Ol, 
(CH2), NH. (m, n, and p are each an integer of 1 to 5, and q 
is an integer of 0 to 2), —(CH,), (CONH) (CH), 
O CH (mand n are each an integer of 1 to 5, and q is an 
integer of to 2), or -(CH2) (CONH)-(CH2), Ol, 
(CH2), CH (m, n, and pare each an integer of 1 to 5, and q 
is an integer of 0 to 2). 

According to a preferable embodiment of the present 
invention, the triazine-based compound represented by 
chemical formula I above includes a compound represented 
by chemical formula II below: 

AP-III-a4 
H 

N-11a-'N-1- 

2 -X)-r-sr() 
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The present invention is directed to a first report regarding 
a small molecule (ENOblock), which is a non-substrate ana 
logue that directly binds to enolase to inhibit its activity. 

According to the present invention, ENOblock of the 
present invention specifically inhibited the activity of enolase 
in a dose-dependent manner in normoxia conditions or 
hypoxic conditions, and thus inhibited cancer cell migration, 
metastasis, and invasion (see FIGS. 1 to 3). The above-de 
scribed effects were more excellent in hypoxic conditions. 
Therefore, ENOblock of the present invention can be effec 
tively applied as a cancer or enolase-related disease treatment 
agent through the inhibition of enolase activity. 

According to a preferable embodiment of the present 
invention, the composition of the present invention inhibits 
enolase activity, and inhibits cancer cell migration, invasion, 
and metastasis. According to a preferable embodiment of the 
present invention, the above-described inhibition effect by 
ENOblock of the present invention is more promoted in 
hypoxic conditions rather than normoxia conditions. 

According to a preferable embodiment of the present 
invention, the composition of the present invention reduces 
the expression of apoptosis-inducible proteins, and more 
preferably reduces the expression of AKT or Bcl-XL protein. 

According to a preferable embodiment of the present 
invention, the types of cancer that can be prevented or treated 
by the composition of the invention may include one selected 
from the group consisting of brain cancer, neuroendocrine 
cancer, stomach cancer, lung cancer, breast cancer, ovarian 
cancer, liver cancer, bronchial cancer, nasopharyngeal can 
cer, laryngeal cancer, pancreatic cancer, bladder cancer, adre 
nal cancer, large intestine cancer, colon cancer, cervical can 
cer, prostate cancer, bone cancer, skin cancer, thyroid cancer, 
parathyroid, and ureter cancer. 
Symptoms of the above-described cancers may include 

breast tubercles, papillary process, breast cystomas, breast 
pain, death, weight loss, invalidism, excessive fatigue, diffi 
culty in breathing and intake, loss of appetite, chronic Sneez 
ing, hemoptysis, hematuria, bloody stools, nausea, vomiting, 
liver metastases, lung metastases, bone metastasis, colorectal 
metastasis, bladder metastasis, renal metastasis, pancreatic 
metastasis, abdominal distension, feeling bloated, intraperi 
toneal fluid, vaginal bleeding, constipation, bowel perfora 
tion, acute peritonitis, pain, excessive Sweating, fever, hyper 
tension, anemia, diarrhea, jaundice, dizziness, chills, or 
muscle cramps. 
As used herein, the term "enolase-associated disorders' 

refers to disorders that are caused by overexpression of eno 
lase, and more preferably means disorders that are caused in 
hypoxic conditions rather than normoxia conditions, and 
includes, for example, cancers, autoimmune disorders, and 
ischemia, but is not limited thereto. 

Meanwhile, the composition of the present invention may 
be also used as a composition for preventing or treating dia 
betes. 

According to a preferable embodiment of the present 
invention, the composition of the present invention has insu 
lin-mimicking activity. 

According to a preferable embodiment of the present 
invention, the insulin-mimicking activity by the composition 
of the present invention encompasses the promotion of inter 
cellular glucose uptake. 

According to a preferable embodiment of the present 
invention, the composition of the present invention down 
regulates the expression of phosphoenolpyruvate carboxyki 
nase (PEPCK), which is an important protein in gluconeo 
genesis. 
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6 
According to a preferable embodiment of the present 

invention, the composition of the present invention inhibits 
adipogenesis and foam cell formation. 
As used herein, the term “pharmaceutically effective 

amount refers to an amount Sufficient to attain efficacy or 
activity (e.g., anti-cancer agent, anti-diabetic agent, etc.) of 
the above-described triazine-based compound. 
The pharmaceutical composition of the present invention 

includes a pharmaceutically acceptable carrier. The pharma 
ceutically acceptable carrier contained in the pharmaceutical 
composition of the present invention is conventionally used 
for the formulation, and examples thereof may include, but 
are not limited to, lactose, dextrose, Sucrose, Sorbitol, man 
nitol, starch, acacia gum, calcium phosphate, alginate, gela 
tin, calcium silicate, microcrystalline cellulose, polyvi 
nylpyrrolidone, cellulose, water, syrup, methyl cellulose, 
methyl hydroxybenzoate, propyl hydroxybenzoate, talc, 
magnesium Stearate, and mineral oil, but are not limited 
thereto. The pharmaceutical composition of the present 
invention may further contain, in addition to the above com 
ponents, a lubricant, a Wetting agent, a Sweetening agent, a 
flavoring agent, an emulsifier, a suspending agent, a preser 
vative, and the like. Suitable pharmaceutically acceptable 
carriers and agents are described in detail in Remington's 
Pharmaceutical Sciences (19th ed., 1995). 
A suitable dose of the pharmaceutical composition of the 

present invention may vary depending on various factors, 
Such as a method of formulation, manner of administration, 
the age, body weight, gender, and morbidity of the patient, 
diet, administration time, excretion rate, and response sensi 
tivity. Meanwhile, the oral dose of the pharmaceutical com 
position of the present invention is preferably 0.001 to 100 
mg/kg (body weight) per day. 
The pharmaceutical composition of the present invention 

may be administered orally or parenterally, and examples of 
parenteral administration may include intravenous, Subcuta 
neous, intramuscular, intraperitoneal, and transdermal injec 
tions. The route of administration of the pharmaceutical com 
position of the present invention is preferably determined 
according to the kind of applied disease. 
The concentration of the triazine-based compound of 

chemical formula I, which is an active ingredient contained in 
the composition of the present invention, may be determined 
considering the therapeutic purpose, the condition of the 
patient, the required period, or the like, and is not limited to a 
specific range of concentration. 
The pharmaceutical composition of the present invention is 

formulated into a unit dosage form or a multidose container, 
using a pharmaceutically acceptable carrier and/or excipient 
according to the method that is easily conducted by person 
having ordinary skills in the art to which the present invention 
pertains. Here, the dosage form may be a solution in an oily or 
aqueous medium, a suspension, or an emulsion, or an extract, 
a powder, a granule, a tablet, or a capsule, and may further 
include a dispersant or a stabilizer. 

According to another aspect of the present invention, the 
present invention provides a method for preventing or treating 
cancer, the method comprising administering to a subject a 
composition containing: (a) a therapeutically effective 
amount of a triazine-based compound represented by chemi 
cal formula I below; and (b) a pharmaceutically acceptable 
carrier: 
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Chemical formula I 

21 3-R. 

* N. N 

es 

wherein in the chemical formula, R is Hor C-C straight 
or branched chain alkyl; R is H. C-C straight or branched 
chain alkyl, C-Cs straight or branched chain alkyl alcohol, 
-(CH2), Ol (CH), NH. (m, n, and p are each an 
integer of 1 to 10), —(CH), O CH (mand n are each 
an integer of 1 to 10), -(CH2), O (CH2), CH (m, 
n, and p are each an integer of 1 to 10), -(CH2) - 
(CONH)—Cs straight or branched chain alkyl (q is an inte 
ger of 0 to 5), -(CH2) (CONH) Cls straight or 
branched chain alkyl alcohol (q is an integer of 0 to 5), 

(CH2) (CONH)-(CH2), O-(CH2), NH. (m, 
n, and pare each an integer of 1 to 10, and q is an integer of 0 
to 5), -(CH2) (CONH)-(CH2), Ol CH (m and in 
are each an integer of 1 to 10, and q is an integer of 0 to 5), or 

(CH2) (CONH)-(CH2), O-(CH2), CH (m, 
n, and pare each an integer of 1 to 10, and q is an integer of 0 
to 5). 

Since the method of the present invention uses the above 
described composition, descriptions of overlapping contents 
between the two are omitted to avoid excessive complication 
of the specification due to repetitive descriptions thereof. 

Advantageous Effects 

Features and advantages of the present invention are Sum 
marized as follows: 

(a) The present invention relates to ENOblock, which is a 
non-Substrate analogue having an enolase inhibitory activity, 
and a pharmaceutical composition for preventing or treating 
cancer or enolase-associated diseases, containing the same. 

(b) The ENOblock of the present invention directly binds to 
enolase so as to inhibit an activity thereof, and the inhibition 
is more effective in hypoxia than in normoxia. 

(c) In addition, the ENOblock of the present invention 
inhibits migration, metastasis and invasion of cancer cells. 

(d) Furthermore, the ENOblock of the present invention 
induces glucose uptake into cells, down-regulates the expres 
sion of PEPCK, and inhibits adipogenesis and foam cell 
formation. 

(f) Therefore, a composition containing the ENOblock of 
the present invention can be very effectively applied to pre 
vent or treat cancer or enolase-associated diseases. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG.1. Discovery of compound AP-III-a4 (ENOblock). (a) 
Schematic of the screening system used to detect apoptosis 
inducers effective under hypoxia. HCT116 cancer cells were 
seeded in parallel 96-well culture plates. Hypoxia was 
induced in one plate using 150 uM cobalt chloride treatment. 
Triazine library compound at 5uM concentration was added 
4h later, and cell death was determined 24 h after hypoxia 
induction. “Hit compounds induced 25% or greater levels of 
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8 
cell death under hypoxia compared to normoxia (as measured 
by MTT assay absorbance). (b) Chemical structures of AP 
III-a4 (ENOblock) and the control compounds, AP-IV-e3 and 
AP-I-f10. Chemical structures of GAPDS, which targets 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 
rosiglitaZone, a well-known anti-diabetes drug, are also 
shown. (c) ENOblock induced higher levels of HCT116 colon 
cancer cell death in hypoxic conditions (Hypox) compared to 
normoxia (Norm). Error-SD; *=P value-0.05 for increased 
cell death compared to normoxia. P value: hypox. 10=1.23x 
10; hypox 5-2.38x10; hypox 2.5–1.16x10; hypox 
1.25-0.000334. (d) Representative phase contrast micro 
scopic images of HCT 116 colon cancer cells treated with 
ENOblock under normoxia or hypoxia. 

FIG. 2. Treatment of HCT115 cancer cells with 150 uM 
CoCl for 4h produced a hypoxic environment, as shown by 
increased expression of the hypoxia-responsive gene, eno 
lase. In contrast, a different protein from the glycolysis path 
way, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
did not show increased expression after inducing hypoxia, 
which is consistent with previous report (Said, et al. BMC 
Mol Biol. 8:55 (2007). Red numbers are densitometry analy 
sis to calculate the fold-change in expression. 

FIG. 3. Synthesis of the linker library. 3a) General scheme 
for orthogonal synthesis reagents and conditions: (a) RNH 
or RNH-OH (5 eq), 2% acetic acid in THF, rt, 1 hr, followed 
by NaB(OAc)H (7 eq), rt, 12 hr., (b) Building block 11 (4 eq) 
in THF 60° C. 1 hr., DIEA (nn-diisopropylethylamine); (c) 
RR'NH, DIEA, NMP:n-BuOH=1:1, 120° C., 3 hr, and (d) 
10% TFA (trifluoroacetic acid) in dichloromethane, 30 min. 
3b) Linker. 3c) Amines and amino alcohols used for construc 
tion of building block I and 3d) Amines used for construction 
of building block III. 

FIG. 4. Discovery that compound AP-III-a4 (ENOblock) is 
a direct inhibitor of enolase. (a) Affinity chromatography 
study for ENOblock in HCT116 cancer cells. Protein bands 
marked “a” and “b' were identified by mass spectrometry as 
Subunits of the heterodimer, enolase. In contrast, mass spec 
trometry failed to identify the other prominent protein bands 
in the eluate from the ENOblock affinity matrix. Control 
matrix=AP-IV-e3 (2) affinity matrix, which showed no bind 
ing to HCT 116 lysate proteins. (b) Sequence identification for 
the enolase monomer Subunit. Identified peptides are shown 
in red. Mascot scores above 100 were deemed to be signifi 
cant. (c) Western blot analysis confirmed that enolase in 
HCT116 cancer cell lysate binds to the ENOblock affinity 
matrix. Competition analysis using free ENOblock (abbrevi 
ated as ENO) as a competitor completely inhibited enolase 
binding to the ENOblockaffinity matrix. Twenty micrograms 
of cell lysate from YD-10B oral cancer cells or Huh? hepa 
tocytes were used as positive controls. (d) Western blot analy 
sis confirmed that purified human enolase binds to the ENO 
block affinity matrix. Competition analysis using free 
ENOblock as a competitor inhibited purified enolase binding 
to the ENOblock affinity matrix. In contrast, the APIV-e3 
control compound affinity matrix could not bind to the puri 
fied enolase. As a positive control, ENOblock affinity matrix 
was incubated with 200 g of HCT 116 cell lysate: 50 ug cell 
lysate from HCT 116 cancer cells was used as a positive 
control for the enolase antibody. (e) ENOblock dose-depen 
dently inhibited the activity of purified enolase. ENOblock 
inhibited enolase activity at a markedly lower concentration 
than the wellknown enolase inhibitor, sodium fluoride (NaF); 
2.5 M ENOblock treatment reduced enolase activity to a 
level as approximated with 1 mM NaF treatment. Error 
SD; *=P<0.05 compared to the untreated group. P value: 
Fluoride 0.5 mM=0.007708; Fluoride 1 mM=0.000543: 
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Fluoride 2 mM=0.000376; EnoBlock 2.5 M=0.000527; 
EnoBlock 5uM=0.000474; EnoBlock 10 uM=0.000335. 

FIG. 5. AP-I-fl0, a “non-hit' compound from the same 
triazine library as ENOblock, did not significantly inhibit 
enolase activity. ENOblock was used as a positive control. 
Error-SD; *=P<0.05 compared to the untreated group. 

FIG. 6. SiRNA-mediated known of enolase expression in 
HCT116 cancer cells increased susceptibility to hypoxia. 
Cells were treated with increasing concentrations of enolase 
(ENO1) siRNA or two types of negative control siRNA: 1) 80 
pmols scrambled or 2) 80 pmols p57 (a cyclin dependent 
kinase inhibitor). 24 h post-transfection with siRNA, cells 
were transferred to a 96-well culture plate at a density of 10 
cells/well and, 24h later, cultured in normoxia or exposed to 
hypoxia by treatment with 150 mM CoCl2. Cytotoxicity was 
assessed by MTT assay 24h later. Increasing concentrations 
of ENO 1 cytotoxicity under hypoxia compared to normoxia. 
Error SD; *=P<0.05 compared to normoxia. P value: enolase 
in hypoxia (40 pmols)=0.00990; enolase in hypoxia 
(60 pmols)=3.32x10; enolase in hypoxia (80 pmols)=1.43x 
10-8. 

FIG. 7. ENOblock can inhibit cancer cell invasion and 
migration. (a) ENOblock treatment of HCT116 cancer cells 
under normoxia inhibited invasion dose-dependently. ENO 
block significantly inhibits cancer cell invasion at a treatment 
concentration of 0.625 uM (P value=0.0481), whereas treat 
ment with 5uMLY294.002 reduced cancer cell invasion, but 
without achieving statistical significance (P value=0.27). 
Error SD; *=P<0.05 compared to the untreated group. P 
value: EnoBlock 2.5 uM=0.0191; EnoBlock 1.25 
uM=0.0286: EnoBlock 0.625 uM=0.0481. (b) Microscopic 
images of crystal violet stained HCT116 cells invaded onto 
the transwell inserts (scale bar-100 um). (c) ENOblock treat 
ment of HCT116 cancer cells under normoxia inhibited cell 
migration dose-dependently. Similar to cell invasion, ENO 
block was more effective than LY294.002 at inhibiting cell 
migration. Error-SD; *=P<0.05 compared to the untreated 
group. P value: EnoBlock 2.5uM=0.00939. (d) Microscopic 
images of crystal violet stained HCT116 cells migrated onto 
the transwell inserts (scale bar-100 um). (e) ENOblock treat 
ment of HCT116 cancer cells increased sensitivity to the 
antitubulin chemotherapeutics taxol and Vincristine. Cells 
were treated with 10 nM taxoland 10 nM Vincristine, with or 
without 10 uMENOblock. Error SD; *=P<0.05 between the 
groups indicated on the graph. P value: taxol compared to 
ENOblock+taxol=2.55x10; Vincristine compared to Eno 
Block+vincristine=0.000304. (f) ENOblock treatment of 
HCT116 cancer cells decreased the expression of AKT and 
Bcl-X1, which are negative regulators of apoptosis. For the 
AKT Western blot, cells were treated with ENOblock for 24 
h; for the Bcl-X1 Western blot, cells were treated with ENO 
block for 48 h. 

FIG. 8. Micrographs of crystal violet stained transwell 
insert show that treatment with 10 uM compound AP-I-f10 
does not reduce HCT116 colon cancer cell invasion. Treat 
ment with 5 mM LY294.002 was used as a positive control and 
produced a noticeable reduction in invaded cancer cells. 

FIG. 9. Toxicological study of ENOblock and in vivo 
analysis of anticancer activity. (A) Toxicological analysis of 
ENOblock treatment using the zebrafish larvae system. 
Assessment of various developmental parameters showed 
that a dose of 10 uM ENOblock could be tolerated by the 
larvae, but a dose of 20 MENOblock inhibited the ability to 
swim. (B) Microscopic assessment of 72 days post fertiliza 
tion (dfp) Zebrafish larvae exposed to increasing doses of 
ENOblock. It can be seen that a dose of 20 uM ENOblock 
produced an abnormally large Swim bladder, as indicated by 
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10 
the red arrow. A dose of 40 uMENOblock produced multiple 
abnormalities in the larvae. (C) Doses of 20 or 40 uMENO 
block also reduced overall Zebrafish larvae viability, while a 
dose of 10 uM ENOblock did not affect viability. Error 
SD;*=P<0.05 compared to the DMSO treated group. P value: 
20 uM ENOblock=0.0121; 40 uM ENOblock=0.0019. (D) 
Treatment of HCT 116-xenotransplanted Zebrafish with a 
dose of 10 uM ENOblock for 96 h reduced the number of 
embryos showing migration and metastasis (distributed can 
cer cells) from the yolk sac injection site. DMSO treatment 
served as a control. Three representative embryos are shown 
from each experimental group, and distributed cancer cell 
foci are designated with blue arrows. Quantification of 
xenotransplanted cancer cell microfoci confirmed that ENO 
block treatment significantly reduced cancer cell migration 
and metastasis. Error-SD; *=P<0.05 compared to the 
DMSO-treated group. 

FIG. 10. ENOblock can induce glucose uptake and inhibit 
phosphoenolpyruvate carboxykinase (PEPCK) expression. 
(a) Ten micromolar ENOblock (abbreviated as ENO) treat 
ment of Huh? hepatocytes or HEK kidney cells for 24 h 
induced glucose uptake, as measured using the fluorescent 
glucose probe, 2-NBDG. Twenty-four hour treatment with 10 
uMGAPDS, a small molecule modulator of the glycolytic 
enzyme GAPDH, could also induce glucose uptake in the 
hepatocytes. In contrast, 24 h treatment with 10 uM rosigli 
taZone (abbreviated as ROSI), a wellknown anti-diabetes 
drug, could induce glucose uptake in hepatocytes, but not 
kidney cells. Error SD; *=P<0.05 compared to the untreated 
group. P value (hepatocyte): ROSI=0.0227: GAPDS-0.0302: 
ENO=0.0213: P value (kidney cell): GAPDS-0.0231: 
ENO=0.0271. (b) Ten micromolar ENOblock treatment of 
Huh7 hepatocytes for 24h inhibited expression of PEPCK, a 
key positive regulator of gluconeogenesis. Twenty-four hour 
treatment with 10 uMrosiglitazone could also inhibit PEPCK 
expression. However, 24 h treatment with 10 uMGAPDS did 
not inhibit PEPCK expression. Error–SD; *=P<0.05 com 
pared to the no drug (DMSO-treated) group. P value: 
GAPDS-0.00213; ENO=0.00466. (c) Ten micromolar ENO 
block treatment of HEK cells for 24h inhibited expression of 
PEPCK. In contrast, treatment with 10 uMGAPDS, 1 ug/mL 
insulin (abbreviated as Ins), or 10 uM rosiglitazone for 24h 
did not reduce PEPCK expression. Error–SD; *=P<0.05 for 
reduced PEPCK expression compared to the no drug 
(DMSO-treated) group. P value: ENO=0.000393. (d) Ten 
micromolar ENOblock treatment of hepatocytes for 24h did 
not affect expression of the enzymes glucose 6-phosphatase 
(G6 Pase), which also regulates gluconeogenesis, or 5’AMP 
activated protein kinase (AMPK), which regulates cellular 
energy homeostasis. Similarly, 24 h treatment with either 10 
uMGAPDS or 10 uMrosiglitazone for 24h did not affect the 
expression of these enzymes (Error bar-SD). 

FIG. 11. siRNA-mediated knockdown of enolase expres 
sion in hepatocytes or kidney cells induced glucose uptake, as 
shown by increased labeling with the fluorescent glucose 
probe, 2-NBDG. Cells were treated with increasing concen 
trations of enolase (ENO1) siRNA or two types of negative 
control siRNA: (a) 80 pmols scrambledor (b) 80 pmols p57 (a 
cyclindependent kinase inhibitor). Twenty-four hours post 
transfection with siRNA, cells transferred to a 96-well culture 
plate at a density of 10 cells/well and, 24h later, treated with 
100 uM2-NBDG for 30 min. 2-NBDG fluorescence was then 
measured as described in Methods. Error=SD; *=P<0.05 for 
increased glucose uptake compared to cells treated with 
scrambled siRNA. P value: (a) kidney cells, i) enolase (40 
pmols)=1.83x10, ii) enolase (60 pmols)=1.76x10, iii) 
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enolase (80 pmols)=5.1x10"; (b) hepatocyte, i) enolase (40 
pmols)=2.42x10, ii) enolase (60 pmols)=0.00264, iii) eno 
lase (80 pmols)=0.00239. 

FIG. 12. ENOblock can inhibit PEPCK expression and 
induce glucose uptake in vivo. (a) Schematic of our approach 
to measure the effect of ENOblock treatment on PEPCK in 
Zebrafish. (b) Three hour treatment with a dose of 10 LM 
ENOblock inhibited PEPCK expression in adult zebrafish 
liver. Three hour treatment with 10 uM rosiglitazone, which 
inhibited PEPCK expression in hepatocytes, also inhibited 
PEPCK expression in the Zebrafish liver. Error SD: 
*=P<0.05 compared to the untreated group. P value: 
ROSI=0.00310: ENO=5.02x10. (c) Schematic of our 
approach to measure uptake of a fluorescenttagged glucose 
bioprobe (2-NBDG) in Zebrafish larvae, which can be imaged 
due to their transparency. (d) Four hours treatment with a dose 
of 10 uMENOblock increased glucoseuptake in the Zebrafish 
larvae. Increased glucose uptake can be observed throughout 
the developing embryo and, especially, in the eye (indicated 
by the white arrow), intestine, and yolk sac. As a comparison, 
Zebrafish treated with 10 g/mL emodin, a known anti-dia 
betic natural product that promotes glucose uptake, also 
showed enhanced glucose uptake in a similar but more 
intense pattern compared to the Zebrafish treated with ENO 
block. (e) Quantification of fluorescence signal intensity from 
the fluorescent glucose probe 2-NBDG in the eye of the 72 
hpf Zebrafish larvae, which is known to express numerous 
glucose transporters at this stage of development. Four 
hour treatment of the larvae with a dose of 10 uM ENO 
block or 10 ug/mL emodin induced significantly greater 
fluorescent tagged glucose uptake in the Zebrafish eye. 
Error SD; *=P<0.05 compared to the Zebrafish treated with 
2-NBDG alone. P value: NBDG+ENOblock=0.0252: 
NBDG+Emodin=0.0203. 

FIG. 13. Treatment of 72 hpf Zebrafish with 10 mM ENO 
block for 1 h induced glucose uptake, as assessed by fluores 
cent plate reader measurement of the 2-NBDG signal in lysed 
larvae (Error–SD; *=P<0.05). 

FIG. 14. ENOblock inhibits adipogenesis and foam cell 
formation. (a) (i) Microscopic analysis of pre-adipocytes 
undergoing adipogenesis showed that treatment with 10 LM 
ENOblock inhibited lipid accumulation, as shown by an 
absence of Oil Red Ostaining. In contrast, treatment of preadi 
pocytes with insulin, without adipogenesis-inducing 
factors, still induced lipid accumulation. (a)(ii) Quantifica 
tion of lipid accumulation confirmed that ENOblock treat 
ment blocked lipid accumulation during adipogenesis. 
Error SD; *=P<0.05 compared to untreated adipocytes. P 
value: insulin only=0.004793; adipogenic cocktail 
only=0.0252. (b) Microscopic analysis of macrophages 
treated with oleic acid showed that treatment with 10 uM 
ENOblock inhibited foam cell formation, as shown by 
reduced Oil Red O staining. (c) Confirmation that 10 uM 
ENOblock inhibited foam cell formation, as assessed by 
counting cells that showed lipid accumulation. In contrast, 
macrophage treatment with the anti-diabetes drug rosiglita 
Zone (10 uM) during development into foam cells did not 
affect the number of cells showing lipid accumulation. 
Error-SD; *=P<0.05 for reduced lipid-containing cells com 
pared to the oleic acid treated group adipocytes. P value: oleic 
acid--ENOblock=0.0335. (d) Treatment of monocytes with 
10 uMENOblock inhibited differentiation into macrophages, 
as assessed by counting the number of cells attached to the 
culture dish. In contrast, monocyte treatment with 10 LM 
rosiglitaZone did not affect differentiation into macrophages. 
Error=SD; *=P<0.05 for reduced numbers of attached cells 
compared to the phorbol 12-myristate 13-acetate (PMA) 
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treated group. P value: PMA+ENOblock-0.0235. (e) The 
effects of ENOblock treatment on macrophages was not due 
to cytotoxicity, as shown by MTT assay analysis. Treatment 
with 3 mM H2O2 for 48 h was used as a positive control. 
Error SD; *=P<0.05 for reduced absorbance (570 nm) 
compared to the untreated group. P value: 3 mM H2O=8.84x 
107. 

FIG. 15. Immunoblot analysis to confirm enolase expres 
sion knockdown via siRNA treatment in HEK kidney cells 
and Huh? hepatocytes cells were transfected with 80 pmols 
siRNA for 48 h. 

MODE FOR CARRYING OUT THE INVENTION 

Hereinafter, the present invention will be described in 
detail with reference to examples. These examples are only 
for illustrating the present invention more specifically, and it 
will be apparent to those skilled in the art that the scope of the 
present invention is not limited by these examples. 

Examples 

Methods 

Construction of the Tagged Triazine Library 

The tagged triazine library was prepared according to the 
procedure reported previously (FIG. 1; 5). The purity of syn 
thesized compounds was determined by analytical HPLC 
(Agilent Technologies, Santa Clara, USA). 
Screening for Apoptosis Inducers that Maintain Effectiveness 
Under Hypoxia 
HCT116 colon carcinoma cells were seeded in 2 sets of 96 

well plates at a density of 5x10 cells per well. Low glucose 
DMEM (containing 5 mM glucose: Invitrogen, OR, USA) 
was used for Screening, because glycolysis inhibitors, such as 
2-Deoxy-D-glucose (2-DG), are effective by competing with 
glucose. 24h later, the hypoxic condition was induced in one 
set of 96 well plates by treatment with 150 uM of 0.22 um 
filtered CoC1 and the culture media volume was reduced by 
50% (to 100 uL/well), as previously described. 4h later, test 
compounds from a tagged triazine library were screened at a 
concentration of 5 uM in duplicate wells. Cytotoxicity was 
determined by MTT assay 24 h after adding drug. Hits for 
further analysis were classified as compounds that 25% or 
higher cytotoxicity in the hypoxia condition compared to the 
normoxia condition (as measured by MTT assay absor 
bance). 50 uM 2-DG, an inhibitor of glycolysis that selec 
tively kills cancer cells in hypoxic conditions', was used as 
a positive control. 
To confirm that CoCl2 treatment induced hypoxia, enolase 

expression was measured. Enolase expression is known to 
increase in response to hypoxia. Treatment of HCT116 
carcinoma cells with 150 uM CoCl, for 4 h induced enolase 
expression (FIG. 2). 
Enolase Activity Assay 

Enolase purified from rabbit muscle was purchased from 
Sigma-Aldrich. A single unit of enolase is defined as the 
amount of enzyme that produces 1 umol of phosphoenol 
pyruvate from phospho-D-glycerate/min in standard assay. 
Enolase activity assay was measured at 37°C. by incubating 
pure enolase (3-9 U) in a buffer containing 50 mMimidazole 
HCl (pH 6.8)(JUNSEI), 2.0 mM MgSO (JUNSEI) and 400 
mM KCl (JUNSEI) in the absence or presence of ENOblock 
or NaF (Sigma). The reaction was initiated by adding 1 umol 
of 2-phospho-D-glycerate, and the OD was measured after 10 
min of reaction time with a spectrophometer at 240 nm. 
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Zebrafish Tumor Cell Xenograft Model 
Zebrafish embryos were obtained using standard mating 

conditions and staged for cell xenoplantation at 48 h post 
fertilization. After staining of cancer cells (described below), 
embryos were de-chorionized using micro-forceps and anes 
thetized with 0.0016% tricaine and positioned on their right 
side on a wet 1.0% agarose pad. Tumor cells were detached 
from culture dishes using 0.05% trypsin-EDTA and washed 
twice with PBS at room temperature. Cells were stained with 
2 g/ml DiI diluted in PBS and washed four times: once with 
FBS, twice with PBS and then once with 10% FBS diluted in 
PBS. Cells were kept on ice before injection. Cancer cells 
were counted by microscopy, suspended in 10% FBS and 100 
cells were injected into the center of the yolk sac using an 
injector equipped with borosilicate glass capillaries (PV820 
pneumatic picopump, World Precision Instruments). Injected 
embryos were transferred to a 96-well plate (one embryo/ 
well) containing drug of interest diluted in 200 mL E3 media 
(without methylene blue) and maintained at the pre-selected 
incubation temperature. At 4 days post injection, the number 
of embryos exhibiting cancer cell dissemination from the 
injection site was counted and photographed using upright 
microscopy (Leica DM2500 microscope, Germany). The 
number of migrated cells was counted and embryos that 
exhibited more than 5 fluorescent microfoci distant from the 
yolk sac were scored for cell dissemination. 
Measurement of Glucose Uptake in Zebrafish 

At 72 hpf, larvae were placed into a 96-well plate (6 eggs/ 
well in 200 uL E3 water supplemented with 0.2 mM 2-phe 
nylthiourea; Sigma). Drug of interest was added for h. The 
solution was then replaced with E3 water supplemented with 
600 uM 2-NBDG and incubated for 3 h. The larva were 
washed with E3 water and anesthetized with 0.02% tricaine 
supplemented E3 water. One larva was then placed on a 
chamber slide, containing 3% methylcellulose in E3 water, 
for fluorescent microscopy (Leica DM2500 microscope 
equipped with a DFC425 C digital camera). Images were 
captured at 50x magnification. The remaining 5 larvae where 
lysed with 120 uL of CelLytic M solution (Sigma-Aldrich) 
and sonication (4° C., 10"/5" pulse, 10 min). Lysed larvae 
were centrifuged at 10000 rpm for 10 min. 100 uL of the 
supernatant was transferred to a 96-well plate and fluores 
cence was measured with a fluorescent microplate reader 
(SpectraMAX Gemini XS, Molecular Devices; W =466 mm 
W-540 nm). 
Statistics 
The student's t test was used for comparison between 

experimental groups (Microsoft Excel, reference number 
14.0.6023.1000). P values of less than 0.05 were considered 
to be significant. Unless otherwise Stated, all presented results 
are representative of three independent experiments, which 
were carried out at different days. 
Results 
Identification of AP-III-a4 (ENOblock) 
We developed a novel, dual screening system to identify 

molecules that preferentially kill cancer cells in a hypoxic 
environment (FIG. 1). A small molecule library of 384 triaz 
ines prepared on a solid support5 (5; FIG. 3) was screened. A 
"hit' molecule was defined as an inducer of at least 25% 
increased cancer cell toxicity in hypoxia compared to nor 
moxia (as determined using the 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide, a tetrazole (MTT) assay). 
Five from 384 triazines screened produced greater cancer cell 
toxicity under hypoxia. The best performing hit molecule was 
AP-III-a4(1: FIG. 1b). AP-III-a4 treatment of cancer cells 
cultured under hypoxia reduced cell viability dose-depen 
dently (FIG. 1c-1d). 
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ENOblock Binds to Enolase and Inhibits. Its Activity. 

Affinity chromatography was used to identify the cellular 
target for AP-III-a4. Target identification strategies for the 
triazine library used in this study are relatively straightfor 
ward, because the molecules contain a built-in linker moiety. 
This allows conjugation to an affinity matrix with reduced 
risk of compromising biological activity. Silver staining of 
proteins eluted from the AP-III-a4 affinity matrix is shown in 
FIG. 4a. Mass spectrometry analysis revealed that two pro 
tein bands of approximately 45 kD mass were subunits of 
enolase, a glycolysis enzyme, and a protein band of approxi 
mately 40 kD was actin (FIG. 4b). Thus, we renamed mol 
ecule AP-IIIa4“ENOblock”. ENOblockbinding to enolasein 
cancer cell lysates was confirmed by Western blot analysis of 
proteins eluted from the ENOblock affinity matrix. Compe 
tition analysis with free ENOblock inhibited enolase binding 
to the ENOblock affinity matrix (FIG.4c). Moreover, ENO 
block could bind to purified human enolase, Suggesting a 
direct interaction between ENOblock and enolase (FIG. 4d). 
Subsequent analysis showed that enolase activity can be 
inhibited by ENOblock dose-dependently (FIG. 4e). As an 
additional control, we also tested another non-hit compound 
from the tagged triazine library, AP-I-fl0 (3), which was 
shown to not reduce enolase activity (FIG. 5). To test that 
ENOblock treatment under hypoxia induced cytotoxicity, 
rather than inhibition of cell proliferation, siRNA-mediated 
enolase knock-down HCT1167 cancer cells were stained 
with trypan blue (FIG. 6). ENOblock-treated cells showed 
increased trypan blue uptake under hypoxia, which confirmed 
the induction of cell death. 
ENOblock Inhibits Cancer Cell Migration and Invasion. 

Enolase is a “moonlighting metabolic enzyme, because it 
performs multiple functions that are unrelated to its innate 
glycolytic function. 7.8 Thus, we speculated that ENOblock 
represents a powerful chemical tool to characterize the moon 
lighting functions of enolase. As our first test, we assessed the 
role of enolase in cancer progression (FIG. 7). We found that 
enolase inhibition by ENOblock can reduce cancer cell inva 
Sion, which to our knowledge is the first confirmation that 
enolase activity is linked to metastasis (FIGS. 7a-7b). As an 
additional control, we also tested another compound from the 
tagged triazine library, AP-I-f10(3), which did not reduce cell 
invasion (FIG. 8). Moreover, ENOblock treatment also inhib 
ited cancer cell migration (FIGS. 7c-7d). ENOblock treat 
ment reduced cancer cell invasion/migration under normoxia 
at concentrations that do not induce cytotoxicity (compare 
FIGS. 7a-7b, with FIG.1c). Previous studies have shown that 
enolase expression knockdown can increase cytotoxicity 
induced by the cancer drugs taxol and Vincristine.9 In accor 
dance with this finding, we observed that ENOblock treat 
ment could also increase cancer cell cytotoxicity induced by 
taxoland Vincristine (FIG.7e). To investigate how ENOblock 
may induce cancer cell cytotoxicity, we measured the expres 
sion of two proteins that are linked to the induction of apop 
tosis, AKT10 and Bcl-XL.11 ENOblock treatment decreased 
the expression of AKT and BclxL (FIG. 7?). 
The Zebrafish (Danio rerio) cancer cell xenograft model is 

gaining increasing research prominence as a validated, con 
venient tool for testing candidate cancer drugs in vivo.''' In 
addition, Zebrafish is a relevant vertebrate platform for pre 
dicting toxicological effects in mammals.' We observed that 
10 uM ENOblock treatment of developing Zebrafish larvae 
was nontoxic (FIG. 9a-9C). Employing a recently published 
Zebrafish tumor xenograft model validated for anticancer 
drug testing,' we observed that ENOblock treatment 
reduced cancer cell dissemination, Suggesting an inhibition 
of cancer cell migration and invasion processes (FIG. 9d). 
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ENOblock Induces Cellular Glucose Uptake and Down-regu 
lates PEPCK Expression. 

Interestingly, ENOblock (compound AP-III-a4) was 
among a group of triazines previously identified in a screen to 
discover novel modulators of glucose uptake," although the 
mechanism of action was not characterized in that study. 
Thus, we confirmed the ability of ENOblock to increase 
glucose uptake in cells, using the fluorescent probe 2-(N-(7- 
nitrobenz-2-oxa-1,3-diazol-4-yl)-amino)-2-deoxyglucose 
(2-NBDG)'', which can be used to monitor cellular glucose 
flux (FIG.10a). To our knowledge, this is the first demonstra 
tion that modulation of enolase function is linked to increased 
glucose uptake. The role of enolase in promoting cellular 
glucose uptake was confirmed by siRNA-mediated knock 
down of enolase expression (FIG. 11). 

To characterize the mechanism by which ENOblock pro 
motes glucose uptake, we assessed the expression of key 
enzymes linked to glucose homeostasis. We found that ENO 
blockdown-regulates the expression of phosphoenolpyruvate 
carboxykinase (PEPCK) in hepatocytes, which catalyzes the 
rate-limiting step of liver tissue gluconeogenesis,' the pro 
cess whereby glucose is synthesized (FIG.9b). Of note, there 
is a precedent for the finding that Small molecule regulation of 
a glycolysis enzyme regulates glucose uptake, with the report 
that GAPDS (4) targets glyceraldehyde 3-phosphate dehy 
drogenase (GAPDH) to promote glucose uptake (GAPDH 
catalyzes the sixth step of glycolysis, upstream of enolase)." 
Thus, we also measured PEPCK expression in hepatocytes 
after treatment with GAPDS or rosiglitaZone (5), a well 
known diabetes drug that can down-regulate PEPCK expres 
sion.' It was found that rosiglitazone can down-regulate 
PEPCK expression, while GAPDS had no effect, suggesting 
that GAPDS and ENOblock promote glucose uptake by dif 
ferent cellular mechanisms (FIG. 10b). Interestingly, the kid 
ney is also a site of gluconeogenesis,' and it was observed 
that ENOblock treatment could also down-regulate PEPCK 
expression in kidney cells (FIG. 5c). In contrast, treatment of 
kidney cells with GAPDS, rosiglitazone, or insulin did not 
affect PEPCK expression (FIG. 10c). The enzyme glucose 
6-phosphatase (G6 Pase) catalyzes the final step in gluconeo 
genesis plays a key role in the homeostatic regulation of 
glucose uptake by the liver.' We observed that ENOblock 
treatment of hepatocytes did not influence G6 Pase expres 
sion, which was also observed after treatment with GAPDS or 
rosiglitazone (FIG. 10d). The enzyme 5' AMPactivated pro 
tein kinase (AMPK) plays a key role in cellular energy 
homeostasis.' Similar to G6 Pase, we observed that treat 
ment of hepatocytes with ENOblock, GAPDS, or rosiglita 
Zone did not affect AMPK expression (FIG. 10d). 
ENOblock Down-regulates PEPCK Expression and induces 
Glucose Uptake in Vivo. 

To investigate the effects of ENOblock on glucose homeo 
stasis in vivo, we selected the Zebrafish, because this animal 
model provides a convenient, rapid experimental format 
requiring Small amounts of test compound. Moreover, it has 
been shown that Zebrafish and mammals share similar glu 
cose regulatory responses.''' Adult Zebrafish treated with 
ENOblock or rosiglitazone showed down-regulated hepatic 
PEPCK expression (FIGS. 12a-12b), which confirmed our 
cell-based findings. The fluorescent glucose probe 2-NBDG 
has been used to assess glucose uptake in Zebrafish larvae, 
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which are transparent and allow visualization of 2-NBDG 
fluorescence (e.g., ref 22). We observed that ENOblock treat 
ment induced glucose uptake in Zebrafish larvae (FIGS. 12c 
12d). As a comparison, we also tested the effect of emodin 
(6-methyl-1,3,8-trihydroxyanthraquinone, a biologically 
active plant constituent that is known to promote cellular 
glucose uptake; 23). Fluorescence microscopy analysis of 
2-NBDG treated larvae showed that emodin treatment 
increased glucose uptake (FIG. 12e). 2-NBDG uptake was 
quantified by measuring 2-NBDG fluorescence intensity in 
the Zebrafish larvae eye at 72 hpf, because this tissue has been 
show to express a relatively large number of glucose trans 
porter isoforms at this stage of development. Image Janayl 
sis (National Institutes of Health, USA) confirmed that ENO 
block or emodin treatment could promote glucose uptake in 
the Zebrafish. 2-NBDG fluorescent signal in lysed larvae was 
measured using a fluorescent plate reader (FIG. 13). Results 
from this approach confirmed that ENOblock treatment 
induced glucose uptake in vivo. 
ENOblock Treatment Inhibits Adipogenesis and Foam Cell 
Formation. 
Commonly prescribed drugs for patients with diabetes are 

associated with side effects, such as weight gain or cardio 
vascular events. Thus, we tested the effect of ENOblock on 
lipid accumulation in differentiating adipocyte precursor 
cells, which provides a convenient test for novel anti-obesity 
agents. The positive effect ofrosiglitazone on adipogenesis 
has already been described. In contrast, we observed that 
ENOblock treatment inhibited lipid accumulation in adipo 
cyte precursor cells exposed to adipogenic factors (FIG. 14a). 
Foam cell differentiation from macrophages adhered to blood 
vessel walls is a crucial step in the progression of atheroscle 
rosis. ENOblock treatment inhibited lipid accumulation in 
macrophages induced to undergo foam cell differentiation 
(FIG. 14b). Cell counting showed that ENOblock treatment 
inhibited both foam cell differentiation from macrophages 
and macrophage differentiation from monocytes (FIGS. 14c 
14d). These inhibitory effects of ENOblock were observed at 
treatment concentrations that did not induce cytotoxicity 
(FIG. 14e). 
Further Study 

In this study, we describe a new small molecule, ENOb 
lock, which is the first nonsubstrate analogue that directly 
binds to enolase and can be used as a probe to characterize 
enolase activity in biological systems. Enolase is a metalloen 
Zyme that catalyzes the dehydration of 2-phospho-D-glycer 
ate to phosphoenolpyruvate, which is the ninth and penulti 
mate step of glycolysis. Enolase also performs multiple 
functions that are unrelated to its innate glycolytic func 
tion.'" To our knowledge, small molecule tools to clarify the 
diverse roles of enolase are rare. The most widely reported 
enolase inhibitor is phosphonoacetohydroxamate (PhaH). 
PhaH is thought to mimic the aci-carboxylate form of the 
intermediate carbanion in the reaction and is only applicable 
for crystallographic studies (e.g., ref 29, 30). Another two 
Substrate analogues were developed, but these were only 
applied for direct spectrophotometric titration of the enolase 
active site and stopped-flow studies of enzyme kinetics 
(D-tartronate semialdehyde phosphate and 3-ami 
noenolpyruvate phosphate'). Moreover, these substrate 
analogues are not commercially available. Inorganic sodium 
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fluoride is also a substrate competitor for enolase. However, 
fluoride is not suitable for studying enolase in biological 
systems due to a variety of nonspecific toxic effects, such as 
phosphatase inhibition and the induction of increased oxida 
tive stress or perturbed antioxidant defense mechanisms.' 
A recent report described the malaria drug mefloquine as an 
enolase inhibitorin Schistosoma mansoni. However, meflo 
quine could not directly bind to recombinant enolase from 
this parasite and could not inhibit purified enolase activity. 
This suggests that, unlike ENOblock, mefloquine may not 
bind to enolase directly but exerts its effects via interacting 
with an uncharacterized enolase-modulating molecule in the 
cell extract. For example, it has been shown that enolase can 
bind to vacuoles or form large macromolecular complexes 
associated with mitochondria. Thus, we propose that ENO 
block is a powerful chemical tool to characterize the various, 
nonglycolytic moonlighting functions of enolase. 
When discussing the activity of ENOblock, we believe that 

it is important to differentiate between the effects of this 
compound in hypoxic or normoxic conditions. We discovered 
ENOblock by screening for compounds that can induce 
greater levels of cancer cell death under hypoxia compared to 
normoxia. We adopted this approach because common cancer 
chemotherapy drugs are less effective under hypoxia.4 Our 
demonstration that enolase expression is rapidly up-regulated 
after the onset of hypoxia (FIG. 2) links the ability of ENO 
block to kill cancer cells under hypoxia and its enolase inhibi 
tory activity. Moreover, cancer cells are characterized by the 
Warburg effect, which is a group of metabolic alterations that 
increase reliance on anaerobic glycolysis for energy genera 
tion. Thus, glycolysis inhibitors, such as 3-bromopyruvate 
and 6-aminonicotinamide, can kill cancer cells (reviewed in 
ref3). In our study, we have shown that ENOblock selectively 
kills cancer cells under hypoxia (FIGS. 1c-1d), which is due 
to the glycolysis-related function of enolase (FIG. 6). 

The multifunctional roles of enolase can also be probed 
using ENOblock under normoxia. For example, enolase is 
exported to the eukaryote cell Surface via a nonclassical 
export pathway, and it has been Suggested that enolase can 
mediate cancer cell invasion leading to metastasis. We 
observed that ENOblock treatment of cancer cells under nor 
moxia, at concentrations that are noncytotoxic, inhibited can 
cer cell invasion and migration (FIGS. 7a-7d). This finding 
Suggests that ENOblock can also target cell-surface-bound 
enolase to modulate cancer cell metastasis. Our in Vivo analy 
sis of ENOblock treatment on metastasis was also carried out 
under normoxia, which showed that ENOblock can prevent 
cancer cell metastasis without noticeably affecting cancer 
cell viability (FIGS. 9d-9e; the cancer cells appear to be 
retained at the injection site without any reduction in cell 
numbers). Moreover, enolase has been shown to be associated 
with the cell microtubule system, which may negatively 
affect the efficacy of cancer drugs that disrupt microtubules." 
38 Our results show that ENOblock treatment can increase the 
ability of microtubule-destabilizing drugs to kill cancer cells 
(FIG. 7e). Therefore, we speculate that ENOblock warrants 
further studies to assess its potential as a drug candidate for 
cancer therapy, because it can inhibit cancer cell metastasis 
and synergize with microtubule-destabilizing drugs under 
normoxia, while also possessing the potential to selectively 
kill cancer cells in hypoxic niches within tumors (cancer stem 
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cells have been shown to express hypoxia-inducible factors 
that promote their survival under hypoxia (reviewed in ref 
39). 
Our study has also shown that enolase inhibition by ENO 

block can induce cellular glucose uptake (FIG. 10a). Our 
results indicate that the ability of ENOblock to increase glu 
cose uptake is due to a reduction of PEPCK expression. 
PEPCK expression has also been shown to be inhibited by 
insulin." PEPCK inhibition in the liver reduces gluconeo 
genesis and concomitantly promotes glucose uptake.'' 
Interestingly, gluconeogenesis in the kidney also plays a sig 
nificant role in regulating blood glucose levels," and our 
results show that ENOblock, but not insulin or the diabetes 
drug, rosiglitazone, can inhibit PEPCK expression in kidney 
cells (FIG. 10c). In addition, we have shown that enolase 
knock-down by siRNA can also induce glucose uptake (FIG. 
15). Our demonstration that ENOblock treatment can inhibit 
PEPCK expression in Vivo and induce glucose uptake Sug 
gests that ENOblock may be suitable for further studies to 
assess its potential as an anti-diabetes drug candidate. In 
Support of this, is can be noted that enolase expression is 
increased in diabetic patients compared to normal subjects." 
Moreover, our results suggest that ENOblockinhibits some of 
the complications associated with the use of diabetes drugs, 
Such as increased adipogenesis and foam cell formation (FIG. 
14). Insulin signaling is linked to accelerated foam cell for 
mation." and commonly prescribed diabetes drugs can 
induce adipogenesis or weight gain. We believe that the 
ability of ENOblock to inhibit foam cell formation or adipo 
genesis further supports the potential of ENOblock to be 
developed as an anti-diabetic drug candidate. Interestingly, 
the most commonly prescribed antidiabetic drug, metformin, 
also inhibits hepatic gluconeogenesis and is currently the 
Subject of various clinical trials as an anticancer drug (re 
viewed in ref 44). 
To our knowledge, this study provides the first link 

between enolase inhibition and down-regulation of PEPCK 
expression, which inhibits gluconeogenesis. However, a pre 
cedent for this relationship exists in Nature. Studies in the 
mold Aspergillus nidulans have shown that, unexpectedly, 
mutation of the acuN gene (which encodes enolase) induces 
growth inhibition on gluconeogenic but not glycolytic carbon 
sources." Therefore, we believe that further studies are war 
ranted to assess the possible regulatory roles that other gly 
colysis enzymes exert over gluconeogenesis in mammals. 
The in vivo analyses of ENOblock treatment presented 

herein have utilized the Zebrafish vertebrate model. Zebrafish 
possess considerable advantages as the primary animal for 
testing novel therapeutic agents, such as (a) glucose homeo 
static mechanisms that are conserved in mammals, (b) the 
availability of a validated cancer drug testing system, (c) 
toxicological responses that correlate with mammalian tests, 
and (d) the needs for relatively small amounts of test com 
pound.'''''''' In addition, highly detailed studies of 
mammalian cell behavior can be carried out in Zebrafish (e.g. 
ref 47). Therefore, we believe that our series of Zebrafish 
based analyses are a suitable format for the first report of 
ENOblock activity. 

In summary, our study reports the small molecule ENOb 
lock, which is the first nonsubstrate analogue inhibitor that 
directly binds to enolase and can be used to probe the various 
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nonglycolytic functions of this enzyme. We have utilized 
ENOblock to assess the effect of enolase inhibition on cancer 

progression and show for the first time that enolase inhibition 
can reduce cancer cell metastasis in vivo. We also show for the 

first time that enolase inhibition can Suppress the gluconeo 
genesis regulator PEPCK and is a new target for developing 
antidiabetic drugs. We believe that the discovery of ENOb 
lock is a testament to the power of forward chemical genetics 
to provide new chemical probes, drug targets, and candidate 
therapeutics for previously uncharacterized cellular mecha 
nisms regulating human disease. In light of the potential role 
of enolase in the pathogenesis of bacterial infections (such as 
Yersinia pestis, Borrelia spp., and Streptococcus pneumonia) 
and trypanosomatid parasites (reviewed in ref48), in addition 
to the need to discover new glycolysis inhibitors for cancer 
therapy, we believe that ENOblock has the potential to make 
significant contributions to our understanding of these disor 
ders. 

Although the present invention has been described in detail 
with reference to the specific features, it will be apparent to 
those skilled in the art that this description is only for a 
preferred embodiment and does not limit the scope of the 
present invention. Thus, the Substantial scope of the present 
invention will be defined by the appended claims and equiva 
lents thereof. 
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The invention claimed is: 
1. A method for treating cancer, the method comprising 

administering to a Subject a composition comprising: (a) a 
therapeutically effective amount of a triazine-based com 
pound represented by chemical formula I below; and (b) a 
pharmaceutically acceptable carrier: 

Chemical formula I 

21 3-R. 

“S S 

es 

wherein in the chemical formula, R is H or C-C straight 
or branched chain alkyl; R is H. C-C straight or 
branched chain alkyl, C-Cs Straight or branched 
chain alkyl alcohol, -(CH), Ol (CH.) 
—NH (m, n, and p are each an integer of 1 to 10), 
—(CH), O CH (m and n are each an integer of 
1 to 10), -(CH2), OI-(CH2), CpH (m, n, and p 
are each an integer of 1 to 10), -(CH2) (CONN)— 
Cs straight or branched chain alkyl (q is an integer of 0 
to 5), -(CH2) (CONH) Cls straight or branched 
chain alkyl alcohol (q is an integer of 0 to 5), 

(CH,), (CONN) (CH), O (CH), NH, 
(m, n, and p are each an integer of 1 to 10, and q 
is an integer of 0 to 5), -(CH2) (CONH)— 
(CH), O, CH (mand nare each an integer of 1 to 
10, and q is an integer of 0 to 5), or -(CH2) - 
(CONH)-(CH2), O -(CH2). CH (m, n, and p 
are each an integer of 1 to 10, and q is an integer of 0 to 
5). 

2. The method of claim 1, wherein the triazine-based com 
pound represented by chemical formula I is a compound 
represented by chemical formula II: 
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Chemical formula II 

24 

AP-III-a4 
H 

N-1-1-'N-1- 
O 

l 
C -X)-->() 

3. The method of claim 1, wherein the composition inhibits 
enolase activity. 

4. The method of claim 1, wherein the composition inhibits 
cancer cell migration, invasion, and metastasis. 

5. The method of claim 3, wherein the inhibition is further 
promoted in hypoxia conditions rather than normoxia condi 
tions. 

6. The method of claim 1, wherein the composition reduces 
the expression of apoptosis-inducible proteins. 

7. The method of claim 6, wherein the apoptosis-inducible 
protein is AKT or Bcl-XL protein. 

8. The method of claim 1, wherein the composition has 
insulin-mimicking activity. 

9. The method of claim 8, wherein the insulin-mimicking 
activity promotes the intracellular glucose uptake. 

10. The method of claim 1, wherein the composition down 
regulates the expression of phosphoenolpyruvate carboxyki 
nase (PEPCK). 

11. The method of claim 1, wherein the composition inhib 
its adipogenesis and foam cell formation. 

12. The method of claim 1, wherein the cancer is selected 
from the group consisting of brain cancer, neuroendocrine 
cancer, stomach cancer, lung cancer, breast cancer, ovarian 
cancer, liver cancer, bronchial cancer, nasopharyngeal can 
cer, laryngeal cancer, pancreatic cancer, bladder cancer, adre 
nal gland cancer, large intestine cancer, colon cancer, cervical 
cancer, prostate cancer, bone cancer, skin cancer, thyroid 
cancer, parathyroid cancer, and ureteral cancer. 

13. A method for treating an enolase-associated disorder, 
the method comprising administering to a Subject a compo 
sition comprising: (a) a therapeutically effective amount of a 
triazine-based compound represented by chemical formula I 
below; and (b) a pharmaceutically acceptable carrier: 

Chemical formula II 

15 

25 

30 

35 

40 

45 

50 

Chemical formula I 

R NN N 

es 
2 -()-->() 

wherein in the chemical formula, R is H or C-C straight 
or branched chain alkyl, R is H C-Cs straight or 
branched chain alkyl, C-C straight or branched chain 
alkyl alcohol, -(CH2), O-(CH2), NH. (m, n, 
and pare each an integer of 1 to 10), —(CH), O 
CH (m and n are each an integer of 1 to 10), 
-(CH2), Ol (CH), CpH (m, n, and pare each 
an integer of 1 to 10), -(CH2) (CONH)—Cs 
straight or branched chain alkyl (qis an integer of 0 to 5), 
-(CH2) (CONH)—Cs straight or branched chain 
alkyl alcohol (q is an integer of 0 to 5), -(CH2) - 
(CONH)-(CH2), O -(CH2), NH. (m, n, and p 
are each an integer of 1 to 10, and q is an integer of 0 to 
5), -(CH2) (CONH)-(CH2), OL CHs (mand 
in are each an integer of 1 to 10, and q is an integer of 0 
to 5), or (CH)—(CONH)—(CH), Ol, 
(CH.), CH, (m, n, andp are each an integer of 1 to 10, 
and q is an integer of 0 to 5). 

14. The method of claim 13, wherein the enolase-associ 
ated disorder is selected from the group consisting of autoim 
mune disorders, ischemia, and bacterial infection. 

15. The method of claim 13, wherein the triazine-based 
compound represented by chemical formula I is a compound 
represented by chemical formula II: 

AP-III-a4 

N-n-n-N-n Orr 
es 

-()-->() 
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16. The method of claim 1, wherein the cancer is colon 
CaCC. 

17. The method of claim 1, wherein the cancer is lung 
CaCC. 

18. The method of claim 1, wherein the cancer is breast 5 
CaCC. 

19. The method of claim 1, wherein the cancer is prostate 
CaCC. 

20. The method of claim 13, wherein the enolase-associ 
ated disorder is an autoimmune disorder. 10 

k k k k k 
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